Introduction
============

Photodynamic therapy (PDT) is a clinically approved therapeutic method for the treatment of many malignant carcinomas.[@b1-ijn-12-8185] It involves the selective accumulation of a photosensitizer (PS) in tumor cells activated by irradiation of a specific wavelength, causing selective antitumor effects: direct cytotoxicity in tumor cells, involving the mitochondria-associated pathway and endoplasmic reticulum stress, due to the production of reactive singlet oxygen; devascularization of tumors; direct immune response by cytotoxic T cells against tumors; and elicitation of an immune response in the cells triggered by shutdown of the tumor vasculature, leading to local depletion of nutrients and oxygen in the tumor and causing secondary necrosis.[@b2-ijn-12-8185],[@b3-ijn-12-8185] These effects of PDT lead to several forms of cell death, including apoptosis, necrosis, and autophagy; different mechanisms account for these different forms of cell death. Apoptosis is the major process of cell death activated by PDT; however, cell death due to PDT generally occurs as a combination of these three mechanisms, and no single pathway of PDT leads to cell death. The factors determining mechanisms of cell death depend on various parameters: type and dose of PS, localization of PS, light dose, and oxygen concentration in the cell.[@b4-ijn-12-8185],[@b5-ijn-12-8185] Determination of major factors of cell death requires further study, but one factor postulated is the dosage of PS: high dose of PS leads to necrosis, while low dose of PS tends to activate apoptosis.

Since PDT was first used clinically in 1898, many of its advantages have been exploited. A combination of PDT and surgery, radiotherapy, or chemotherapy features low- or noninvasiveness, a low incidence of side effects, good compatibility with other treatments, fewer risks over repeated treatments, short treatment time, cost-effectiveness, and non-immunosuppression.[@b6-ijn-12-8185],[@b7-ijn-12-8185] However, there were also several drawbacks to PDT, preventing it from being used as a major treatment modality: dependence on certain types of PSs and light sources (wavelength, time exposure, pulse duration, and pulse frequency), low delivery accuracy of the PSs, and limited treatment depth.[@b7-ijn-12-8185],[@b8-ijn-12-8185] Therefore, to improve the efficiency of PDT and expand its applicability in the treatment of various cancers, the limitations regarding its clinical efficacy should be reduced. PDT requires light irradiation at a specific point in a tumor; therefore, monitoring of the tumor location is crucial for effective PDT with low side effects.[@b9-ijn-12-8185] Another limitation is that singlet oxygen has a very short half-life of less than 40 ns and a proliferation range of 10--20 nm; thus, effective delivery of the PS is required to enhance the availability of singlet oxygen in the cytoplasm and to direct it towards the organelles of tumor cells.[@b10-ijn-12-8185] To overcome the limitations of PDT, it is necessary to generate efficient methods for monitoring the accumulation of PSs and for delivering them to a selected site at a low dosage. We developed a new approach to the delivery of PSs by conjugation of a cell-penetrating peptide (CPP) with a typical fluorescent dye, rhodamine (Rho).

CPPs are interesting, as they can easily translocate through cellular membranes.[@b11-ijn-12-8185] CPP typically contains 20--30 amino acid residues and is classified as amphipathic in nature, although cationic CPP has fewer amino acids with positively charged residues (arginine and lysine).[@b12-ijn-12-8185]--[@b14-ijn-12-8185] CPPs offer an efficient way for drugs to pass easily through cellular membranes. Notably, CPPs rich in arginine penetrate cell membranes very readily. Arginine-rich peptides have membrane-translocating and nuclear-localizing sequences,[@b15-ijn-12-8185]--[@b18-ijn-12-8185] which have led to their use in various drug delivery methods.[@b19-ijn-12-8185]--[@b21-ijn-12-8185] Protamine (Pro), used to neutralize the anticoagulant effects of heparin, is a mixture of four similar arginine-rich peptides with membrane-translocating and nuclear-localizing properties.[@b22-ijn-12-8185] The advantage to using clinical Pro as a CPP is that the sequence of clinical Pro features a single reactive amine at the N-terminal proline and a single reactive carboxyl group at the C-terminal arginine providing simple steps for manipulation or modification of Pro by the addition of Rho.[@b23-ijn-12-8185]

Therefore, in this study, we describe the reaction of an N-hydroxysuccinimide (NHS) ester of Rho and clinical Pro, yielding rhodamine-protamine (RhoPro), and demonstrate that clinical Pro confers phototoxicity on Rho. The fluorescent dye used for this study itself does not generate enough ROS to induce cell damage by light. However, conjugation of CPPs to the dye localizes the conjugates to specific subcellular locations via endocytosis, and the localized conjugates induce photodynamic effects when exposed to light. In addition, imaging of the fluorescent dye allows for tracking of the circulation and accumulation of the PSs in the body. We investigated cancer therapy with photodynamic effects, using CPPs conjugated with a fluorescent dye.

Materials and methods
=====================

Reagents and materials
----------------------

HT-29 colorectal adenocarcinoma cells were purchased from American Type Culture Collection (Manassas, VA, USA). 5-(and-6)-Carboxytetramethylrhodamine, succinimidyl ester (TAMRA), and LysoTracker Green were purchased from Invitrogen (Waltham, MA, USA), and Pro sulfate was purchased from App Pharmaceuticals (Schaumburg, IL, USA). SYTOX Blue was obtained from Molecular Probes (Eugene, OR, USA). A PD-10 column was purchased from GE Healthcare (Chicago, IL, USA), and dialysis cassettes were purchased from Pierce (Waltham, MA, USA). N,N-Dimethyl-4-nitrosoaniline (RNO) was purchased from Acros Organics (Pittsburgh, PA, USA), and Alexa Fluor^®^ 488 anti-mouse CD31 antibody was purchased from BioLegend (San Diego, CA, USA). For the cell cytotoxicity assay, MTT was purchased from Life Technologies (Carlsbad, CA, USA). Female BALB/c-Nu/Nu mice (6-week-old) were obtained from Orient Bio (Seongnam, South Korea) and maintained under specific pathogen-free conditions.

Synthesis and purification of RhoPro
------------------------------------

Two milligrams of TAMRA (MW 430.45) was dissolved in 400 μL of DMSO, and 15 mg of Pro (in 1.5 mL of 0.85 M NaCl as supplied, MW \~4,000 Da) was added along with 600 μL of PBS. The reaction was carried out for 2 h at 25°C. To saturate Pro with Rho, an additional 2 mg of TAMRA was added to the reaction mixture, and the reaction process was repeated. The mixture was then purified through gel filtration using a PD-10 column and dialysis. The RhoPro products were characterized by high-performance liquid chromatography (HPLC) with absorbance maxima at 220 and 556 nm (C-18 column; gradient: 20%--80% B; eluent A \[0.1% TFA/water\] and eluent B \[0.1% TFA and 9.9% water in acetonitrile\], 15 min) and matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS).

Cellular uptake of Rho and RhoPro
---------------------------------

Cellular uptake assays of RhoPro and Rho were conducted using 24-well plates. HT-29 cells were seeded at 2×10^5^ cells/well and incubated for 24 h before assaying for RhoPro and Rho. HT-29 cells were exposed to final concentrations of 10 μM of RhoPro and Rho for the indicated durations. After incubation, cells were washed with Dulbecco's PBS (DPBS), and then dissociated (200 μL of 0.05% trypsin with 0.53 mM EDTA, 10 min at 37°C), pelleted (1,500 rpm, 5 min), resuspended in 300 μL of DPBS with Ca^2+^, Mg^2+^, and 1% fetal calf serum, and analyzed with a FACSCalibur flow cytometer. For confocal imaging, cells were stained with 500 nM of LysoTracker, a green fluorescent lysosome-staining dye, for 30 min at RT. After incubation with the dye, cells were washed with DPBS three times and resuspended in the original medium. Images were obtained using a Zeiss LSM510 laser scanning confocal microscope.

Cell death in response to the photodynamic effect of RhoPro
-----------------------------------------------------------

To assess the cytotoxicity of RhoPro uptake, cells were seeded into 48-well plates and incubated with 10 μM of RhoPro and Rho for 2 h at 37°C. After washing with PBS, cells were irradiated with light covering the entire area of the well and then stained with SYTOX Blue and/or Cy5.5 Annexin V. Cells were trypsinized, washed with PBS, and resuspended in 300 μL of DPBS with 1% fetal calf serum, for flow cytometry. The photodynamic effect of RhoPro was determined with a dead cell-staining dye, SYTOX Blue. The power source was OSL2 (THORLABS) with a 150 W halogen lamp, and irradiation energy was measured with a PM100D optical power and energy meter (THORLABS). Light passed through 540/50-nm single-band filter (Semrock) and exposed a single well of 96-well plate (1.33 cm^2^) at 40 mW/cm^2^ for 12.5 min; therefore, the irradiation energy of light reaching the cells was 30 J/cm^2^. Images with and without light were taken at the boundaries of an irradiated area. Cells were incubated in 24-well plates, and the centers of the wells were illuminated with a 6.5-mm diameter beam of light (30 J/cm^2^). For visualizing the effect of PDT, time-lapse experiments with an LSM 510 confocal microscope were performed. Confocal excitation lasers were used as an irradiation source, and images were taken at 30-s intervals for 1 h. The fluorescence intensities of RhoPro, Rho, and SYTOX Blue were obtained from the time-lapse experiments. One cell in each experiment was selected, and the mean intensity of the whole-cell body was measured using ZEN 2011 blue edition.

RNO bleaching assay
-------------------

The generation of singlet oxygen was detected by the spectrophotometric measurement of RNO bleaching. Twenty micromolar Rho, RhoPro, and a mixture of Rho and Pro were mixed with 100 μM of RNO and irradiated with light under the same conditions as in the photodynamic experiment.

In vivo study
-------------

All animal experiments were performed according to the regulations of the Animal Protection Act (Act number 10995) in accordance with protocols approved by the Chonnam National University Animal Research Committee, which also approved this research. Six- or eight-week-old female nude mice were purchased from Orient Bio, and the animals received 10 mg/kg of RhoPro intravenously followed by intravenous injection of 10 μg of Alexa Fluor 488 anti-mouse CD31 antibody 90 min after RhoPro administration. Twenty minutes after CD31 injection, the mice were euthanized and organs harvested. The mean fluorescence intensity of the organs was obtained from the analysis of fluorescence images of the 1-mm-thick organ slices, obtained using a Kodak Whole-Mouse Image Station. For histological analysis of the accumulation of RhoPro in tumors, the tumors were embedded in OCT compound and sliced at −20°C, using a cryostat. For in vivo PDT study, 1×10^7^ HT-29 human colorectal cancer cells were implanted in the mice on both sides of the back. After 1 week, the mice were anesthetized using 2% isoflurane in 1 L/min O^2^, and received direct intratumoral injections of 10 mg/kg of RhoPro and Pro into each side of the tumor, followed by irradiation with 50 J/cm^2^ for PDT. Three mice were used for each injection. The tumor size was measured every alternate day, and the second administration of PS and PDT was carried out on day 3. The two-way ANOVA (GraphPad Prism7) was used to compare the difference between Pro-treated group and RhoPro-treated group.

Results and discussion
======================

Synthesis and characterization of RhoPro
----------------------------------------

The reaction between clinical Pro and the NHS ester of Rho is a solution-phase reaction that occurs at the N-terminal proline and results in complete modification of the four Pro peptides. Pro is a series of four similar, arginine-rich peptides, with a single reactive amine at the N-terminal proline and a single carboxyl group at the C-terminal arginine, which enable controlling the ratio of Pro to Rho. Since no Pro remains after reaction with the NHS ester of Rho, separation of Rho (MW 527.53) and RhoPro (MW ≈4,500 Da) was accomplished through readily scalable, size-dependent separation methods (gel filtration and dialysis). As indicated in [Figure 1A](#f1-ijn-12-8185){ref-type="fig"}, NHS ester of 5-(and-6)-carboxytetramethylrhodamine was reacted with Pro two times to consume all Pro and enable purification by dialysis to eliminate the unreacted Rho. [Figure 1B](#f1-ijn-12-8185){ref-type="fig"} shows a reverse-phase HPLC plot verifying the absence of free Pro in the unpurified reaction mix and the absence of free Rho after purification. The two peaks of RhoPro in the HPLC plot are shown to have identical masses through MALDI-MS (data not shown). The upper mass spectrum of MALDI-MS ([Figure 1C](#f1-ijn-12-8185){ref-type="fig"}) shows RhoPro after completing the reaction, and the lower mass spectrum corresponds to the product in the middle of reaction (peaks 1--4 are Pro; peaks 5--8 are RhoPro). This indicates that all four peptides of Pro reacted with Rho, undergoing an increase in mass of 412.78±0.15 Da (for example, peak 5 of RhoPro has a mass of 4,479, which matches the sum of the mass of Pro peak 1 \[4,066\] and the mass of Rho \[413\]). The absorption spectra confirmed RhoPro synthesis, showing precisely the peaks of Pro and Rho ([Figure 1D](#f1-ijn-12-8185){ref-type="fig"}).

Cellular uptake of RhoPro
-------------------------

Cellular uptake experiments comparing RhoPro with Rho were performed on HT-29 cells to study uptake kinetics and distribution. We incubated HT-29 cells with 10 μM RhoPro or Rho for up to 2 h at 37°C and measured cell fluorescence by flow cytometry. Dual-wavelength fluorescence-activated cell sorting (FACS) scattergrams showed uptake as RhoPro fluorescence and toxicity as SYTOX fluorescence ([Figure 2A](#f2-ijn-12-8185){ref-type="fig"}). The dead cell-staining dye, SYTOX Blue, penetrates cells with compromised plasma membranes and fluoresces upon binding DNA. No change in the intensity of SYTOX Blue indicates the uptake of RhoPro without cytotoxicity. The time course of RhoPro uptake measured by a single channel FACS (0, 5, 15, 30, 60, and 120 min) in [Figure 2B](#f2-ijn-12-8185){ref-type="fig"} showed that RhoPro interacted with cells slowly, unlike Rho (all scattergrams regarding uptake of RhoPro and Rho are shown in [Figure S1](#SD1-ijn-12-8185){ref-type="supplementary-material"}). [Figure 2C](#f2-ijn-12-8185){ref-type="fig"} shows the median intracellular fluorescence of the cells as a function of time. Cells treated with only Rho were saturated immediately because Rho is a membrane-permeable fluorochrome that is able to passively diffuse through the membrane; RhoPro was taken up slowly, reaching maximum fluorescence after 2 h of incubation because RhoPro is translocated into the cells by endocytosis, similar to the internalization of the CPP Pro. Those different internalization processes led to different distribution patterns ([Figure 2D](#f2-ijn-12-8185){ref-type="fig"}). [Figure 2D](#f2-ijn-12-8185){ref-type="fig"} (upper) shows a uniform distribution of Rho through the cell, but RhoPro enters the cell as endocytic vesicles confined to the lysosomes ([Figure 2D](#f2-ijn-12-8185){ref-type="fig"}, lower). RhoPro colocalizes with the lysosomal marker LysoTracker Green, indicating that RhoPro has been internalized by the endocytic pathway and accumulated in lysosomes.

PDT effect on cell death in response to RhoPro
----------------------------------------------

We performed photodynamic cell death studies by flow cytometry and fluorescence microscopy. The radiation source was filtered with a 540/50-nm single-band filter because the maximum efficacy of photodynamic treatment has been achieved at the wavelength of the absorbance maxima of the PS.[@b24-ijn-12-8185] Flow cytometry showed cell death associated with RhoPro treatment ([Figure 3A](#f3-ijn-12-8185){ref-type="fig"}). Without any compound and with Rho and Pro alone, there was no significant change in the population of dead cells irrespective of light application; however, when the RhoPro was irradiated, the percentage of dead cells increased by 36.2%. [Figure 3B](#f3-ijn-12-8185){ref-type="fig"} shows the comparison of the populations of dead cells obtained, through FACS. In addition, we observed photodynamic-induced cell death using SYTOX Blue and a fluorescence microscope ([Figure 3C and D](#f3-ijn-12-8185){ref-type="fig"}). The irradiation beam was adjusted to illuminate the center of the cell-implanted plate well, and images were taken on the boundary of the beam circle. Cells treated with RhoPro showed PDT-induced cell death confirmed by SYTOX Blue in the light-exposed area ([Figure 3D](#f3-ijn-12-8185){ref-type="fig"}), but no phototoxicity was observed in treatments with Rho only ([Figure 3C](#f3-ijn-12-8185){ref-type="fig"}). Populations in the circle show SYTOX Blue-positive dead cells. As shown in [Figure 3D](#f3-ijn-12-8185){ref-type="fig"}, decolorization of the cells with RhoPro was observed upon irradiation, while Rho fluorescence exhibited no change after irradiation.

To further examine the effect of PDT in vitro, we conducted time-lapse confocal experiments to visualize the change in cellular morphology and analyze the intensity of the fluorescent probes during photodynamic treatment ([Figure 4](#f4-ijn-12-8185){ref-type="fig"}). Confocal excitation lasers were used as an irradiation source, and images were obtained at 30-s intervals for 1 h. Cells were intact and the lysosomal localization of RhoPro was distinct at the beginning of the experiment ([Figure 4A](#f4-ijn-12-8185){ref-type="fig"}), while the image taken at the end of the experiment showed cytoplasmic extrusion in the form of large bubbles, blebbing of cytoplasmic organelles and the nucleus, and the rupture of the plasma membrane followed by SYTOX Blue nucleic staining ([Figure 4B](#f4-ijn-12-8185){ref-type="fig"}). To quantify Rho fluorescence bleaching and staining time during the PDT process, we measured the whole-cell fluorescence intensity of RhoPro, Rho, and SYTOX Blue over time ([Figure 4C](#f4-ijn-12-8185){ref-type="fig"}). The mean intensity of Rho began to decrease after irradiation, and bleaching was completed within 15 min. The bleaching rate of Rho was slower than that of RhoPro. Intensity of SYTOX Blue in cells with Rho was marginally detected after 25 min, but did not increase as much as the intensity in cells with RhoPro implicated in reversible apoptosis, which corresponds to the cell images in [Figure 4B](#f4-ijn-12-8185){ref-type="fig"}. However, cells with RhoPro showed morphological changes typical of necrosis ([Figure 4B](#f4-ijn-12-8185){ref-type="fig"}) and an increase in the intensity of SYTOX Blue dead cell-staining dye by 25 min ([Figure 4C](#f4-ijn-12-8185){ref-type="fig"}).

RNO bleaching assay
-------------------

To determine of the role of Pro in the photodynamic effects of RhoPro, RNO bleaching experiments were performed to measure the generation of ^1^O~2~. Rho is commonly used as a staining dye for molecular biology assays, but also used as a PS because of the high quantum yield (*Φ~f~*.0.9) and incidentally low ROS yield. Assessment of phototoxicity, using Rho, revealed no cell death up to 100 J/cm^2^.[@b25-ijn-12-8185] [Figure 4D](#f4-ijn-12-8185){ref-type="fig"} shows the loss of RNO absorbance by irradiation at indicated time points in the presence of RhoPro, Rho + Pro, and Rho alone. There was no significant difference in ^1^O~2~ yield irrespective of the conjugation of Rho with Pro, implying that the photodynamic effects of RhoPro occur by specific localization of Rho in a cell body, and not by photochemical changes from conjugating. This finding suggests that Pro conjugation converts any fluorochrome, not yielding a useful amount of ^1^O~2~, into a PS for PDT. However, it is still important that the fluorochrome generates singlet oxygen per se. It has been reported that the endosomally internalized fluorescein-labeled CPPs were redistributed into the cytoplasm on irradiation, but that the cells remained intact and showed no phototoxicity.[@b26-ijn-12-8185]

Lysosomal rupture by PDT
------------------------

Lysosomes are cytoplasmic organelles that contain various types of hydrolytic enzymes and maintain acidic conditions (pH ≤5), serving in the digestion of unnecessary wastes and playing an important role in programmed cell death. Studies have reported that PDT triggers lysosomal membrane permeabilization through release of cathepsins and induces lysosomal cell death.[@b27-ijn-12-8185],[@b28-ijn-12-8185] As mentioned in [Figure 2D](#f2-ijn-12-8185){ref-type="fig"}, RhoPro was introduced into the cell and localized in lysosomes by endocytosis, and this is clearly shown in [Figure 5A](#f5-ijn-12-8185){ref-type="fig"}. Accumulation of RhoPro in lysosomes was verified by co-staining with the lysosome staining dye LysoTracker Green. Most of the lysosomes emitted vivid fluorescence and had clear shape before irradiation (yellow arrows in [Figure 5A](#f5-ijn-12-8185){ref-type="fig"}). In contrast, irradiation induced the direct rupture of lysosomes and fluorescence of both RhoPro and LysoTracker Green diffused in the cytoplasm ([Figure 5B](#f5-ijn-12-8185){ref-type="fig"}), which in turn may have induced necrotic cell death. The major phenomenon induced by PDT is apoptotic cell death participating directly in cytotoxicity, vascular damage, and activation of the immune system, while necrosis induces cytotoxicity and vascular damage directly. However, it has been reported that cytotoxicity via necrosis led to more cell damage beyond the scope of rescue mechanisms than did apoptosis at the same dosage.[@b29-ijn-12-8185] Therefore, necrosis induced by RhoPro would enhance the efficacy of PDT with a low dose of PS and, in turn, cause fewer side effects.

In vivo PDT of RhoPro
---------------------

Pro is used to prevent anticoagulant effects by binding negatively charged heparin. We therefore postulate that Pro would bind to endothelial cells because both heparin and endothelial cells have the same sulfate structure and strong negative charges.[@b30-ijn-12-8185] To evaluate the distribution of RhoPro in the body, we administered 10 mg/kg (intravenous) injections of RhoPro ([Figure 6](#f6-ijn-12-8185){ref-type="fig"}). One-millimeter-thick tissue sections were prepared, and the fluorescence of samples was measured. RhoPro accumulated in tissues lined with hepatic endothelial cells. The major organs exhibiting RhoPro accumulation in mice were the liver and kidneys, including tumors ([Figure 6B](#f6-ijn-12-8185){ref-type="fig"}). Immunohistofluorescence analysis confirmed the capability of RhoPro to bind to endothelial cell-lined interior surfaces of blood vessels in tumors by co-staining with fluorochrome-labeled CD31 antibodies ([Figure 6A](#f6-ijn-12-8185){ref-type="fig"}). The in vivo photodynamic effects of RhoPro were determined using an HT-29 subcutaneous mouse xenograft tumor model for consistency with in vitro experiments and for a better understanding of the biology of xenograft-human tumors than that of subcutaneous mouse tumors.[@b31-ijn-12-8185] [Figure 6C](#f6-ijn-12-8185){ref-type="fig"} shows the size changes of the tumor during PDT treatment. The tumor size of each mouse was considered 100% before PDT and measured every alternate day. Tumors treated with Rho increased to 68% in size after 7 days, while RhoPro significantly suppressed the increase in tumor size to 18% (*P*\<0.0005).

Conclusion
==========

We found a new type of PS by conjugating Pro with Rho. Photodynamic cell death studies showed that with no treatment and with Rho and Pro alone, there was no significant change in the population of dead cells irrespective of light application; however, when the RhoPro was irradiated, the percentage of dead cells increased by 36.2%. In addition, using SYTOX Blue, a dead cell-staining dye, cells treated with RhoPro showed PDT-induced cell death in the exposed area, but no phototoxicity was observed on treatment with only Rho. Cells with RhoPro showed morphological changes typical of necrosis and increases of intensity of SYTOX Blue over time. The in vivo results confirmed the photodynamic effects of RhoPro on the tumors. RhoPro is simple to synthesize and purify, and can serve as a PS to confer photodynamic effects on fluorochromes, yielding low levels of ROS.

Supplementary material
======================

###### 

Cellular uptake and cytotoxicity of (**A**) RhoPro and (**B**) Rho in HT-29 cells determined through FACS analysis. Dual-wavelength FACS scattergrams showing uptake of the agents and cytotoxicity measured by the intensity of SYTOX Blue and time course of RhoPro uptake by single-channel FACS (0, 5, 15, 30, 60, and 120 min).

**Abbreviations:** FACS, fluorescence-activated cell sorting; Rho, rhodamine; RhoPro, rhodamine-protamine.
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![Synthesis and purification of RhoPro. (**A**) An NHS ester of Rho (1) reacts with N-terminal proline of Pro (2) to yield RhoPro (3). (**B**) High-performance liquid chromatography chromatograms show the separation of RhoPro from Pro and Rho. (**C**) Mass spectrometry showing four Pro components and four RhoPros generated by reaction of the N-terminal prolines as shown in **A**. (**D**) Absorption spectra of Pro, Rho, and purified RhoPro. Peaks 1--4 are Pro; peaks 5--8 are RhoPro.\
**Abbreviations:** NHS, N-hydroxysuccinimide; Pro, protamine; Rho, rhodamine; RhoPro, rhodamine-protamine.](ijn-12-8185Fig1){#f1-ijn-12-8185}

![Uptake of RhoPro by HT-29 cells observed through FACS and the endosomal intracellular localization of RhoPro by fluorescence microscopy. (**A**) Dual-wavelength FACS scattergrams showing uptake of RhoPro and SYTOX Blue. (**B**) Time course of RhoPro uptake by single-channel FACS (0, 5, 15, 30, 60, and 120 min). Black line = 0 min, pink line = 5 min, lightest red line = 15 min, medium red line = 30 min, dark red line = 60 min, darkest red line = 120 min. (**C**) Median cell fluorescence from (**B**) plotted as a function of incubation time. Rho is rapidly internalized, while RhoPro is slowly internalized. (**D**) Intracellular localization of RhoPro on fluorescence microscopy. Rho fluorescence appears to be diffused throughout the cell. RhoPro colocalizes with LysoTracker Green (LTG), a marker of lysosomes. Magnification: 60× oil objective.\
**Abbreviations:** DIC, differential interference contrast; FACS, fluorescence-activated cell sorting; fluores, fluorescence; Rho, rhodamine; RhoPro, rhodamine-protamine.](ijn-12-8185Fig2){#f2-ijn-12-8185}

![Phototoxicity of RhoPro-loaded HT-29 cells. (**A**) Dual-channel FACS scattergrams show RhoPro uptake (x-axis) and cell death (y-axis) with light and without light. Control groups indicate a role of irradiation only without any uptake. The blue circles indicate the positive fluorescence of the dead cell staining. (**B**) Data from the selected area of scattergrams are plotted as median fluorescence. The combination of light plus RhoPro uptake results in cell death. Microscopic imaging of light-induced cell death in (**C**) Rho- or (**D**) RhoPro-loaded cells. Cells were imaged by phase-contrast (DIC) microscopy with part of the field of view subjected to light. As shown in **D**, fluorescence of RhoPro decreased (bleached) while SYTOX Blue penetrated the illuminated cells. Magnification: 10× objective. Left side of the red dashed lines indicates regions with no light, while right side indicates regions with light.\
**Abbreviations:** DIC, differential interference contrast; FACS, fluorescence-activated cell sorting; fluores, fluorescence; Pro, protamine; Rho, rhodamine; RhoPro, rhodamine-protamine.](ijn-12-8185Fig3){#f3-ijn-12-8185}

![Kinetics of light-induced cell death in RhoPro-loaded cells. (**A**) With light, RhoPro fluorescence bleaches and induces RhoPro-loaded cells to take up SYTOX Blue. (**B**) Kinetics of light-induced RhoPro bleaching and SYTOX entry. Top two frames: DIC and Rho fluorescence shown as a function time of exposure to light. Bottom two frames: light induced SYTOX uptake. Magnification: 60× oil objective. (**C**) Time course for RhoPro and Rho bleaching and SYTOX uptake. RhoPro bleaches first, and cell death occurs as SYTOX entry commences. Additionally, the bleaching of rhodamine (Rho)-loaded cells and lack of SYTOX penetration are shown. (**D**) RNO bleaching assay showing generation of free oxygen radicals.\
**Abbreviations:** DIC, differential interference contrast; fluores, fluorescence; Pro, protamine; Rho, rhodamine; RhoPro, rhodamine-protamine; RNO, *N*,*N*-dimethyl-4-nitrosoaniline.](ijn-12-8185Fig4){#f4-ijn-12-8185}

![Lysosomal rupture induced by the photodynamic effect of RhoPro. (**A**) Internalized RhoPro was accumulated in lysosomes co-stained with the lysosome marker, LysoTracker Green. Yellow arrows indicate intact lysosomes. (**B**) After irradiation, lysosomal rupture occurred, and the fluorescence of LysoTracker Green and RhoPro decreased and appeared to diffuse in the cytoplasm. Magnification: 60× oil objective.\
**Abbreviations:** DIC, differential interference contrast; RhoPro, rhodamine-protamine.](ijn-12-8185Fig5){#f5-ijn-12-8185}

![The in vivo photodynamic effect of RhoPro in tumor xenograft models. (**A**) Accumulation of RhoPro in tumor blood vessels confirmed with Alexa Fluor^®^ 488 anti-mouse CD31 antibody. Magnification: 40× objective. (**B**) Biodistribution of RhoPro in HT-29 tumor-bearing mouse. The significant differences are shown as \**P*\<0.05 and \*\**P*\<0.01. (**C**) In vivo PDT of RhoPro compared with that of Rho. PDT by RhoPro suppressed the tumor growth rate.\
**Abbreviations:** PDT, photodynamic therapy; Rho, rhodamine; RhoPro, rhodamine-protamine.](ijn-12-8185Fig6){#f6-ijn-12-8185}
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